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Description

[0001] The present invention relates to a method for removal, separation or degradation of one or more persistent
organic pollutant(s) (POPs) present in a substrate, the method comprising (i) the provision of a POP-contaminated
substrate; (ii) a first reaction stage comprising adding to the substrate a basic solution (solution 1), and optionally one
or more additives selected from the group comprising a transphase catalyst (TPC) and a hydrogen peroxide dissociation
catalyst, and incubating the substrate with solution 1 and optionally the one or more additives for at least 15 minutes;
and (iii) a second reaction stage comprising adding to the substrate a hydrogen peroxide solution (solution 2) and
optionally one or more additives selected from the group comprising a TPC and a hydrogen peroxide dissociation catalyst,
wherein a hydrogen peroxide dissociation catalyst and a TPC are added during the first and/or the second reaction stage.

BACKGROUND

[0002] Environmental contamination by persistent organic pollutants (POPs) still remains a genuine concern for the
ecological controlling authorities worldwide. POPs contaminations can be subdivided based on the contaminated sub-
strate into contamination of soil, groundwater, reservoirs and ocean/sea water and air. The most persistent and prob-
lematic contaminants could be found in soil and groundwater, and comprise polychlorinated hydrocarbons (PCHs),
polycyclic aromatic hydrocarbons (PAHSs), polychlorinated biphenyls (PCBs), chlorinated solvents, petroleum products
and pharmaceutical leftovers.

[0003] POPs contamination is an environmental concern because some of them are hard to be biologically (environ-
mentally) destroyed. Furthermore, POPs with high bioavailability possess extremely high toxicity levels. Numerous
landfills and contaminated sites worldwide need to be decontaminated and are still pending for efficient and environ-
mentally friendly technologies, until they are just conserved and staying hazardous.

[0004] The main approaches for site decontamination could be subdivided into in situ and ex situ methods. Ex situ
technologies include excavating soils or other contaminated material followed by land filling, thermal desorption, thermal
destruction (incineration), soil washing, biological remediation, vacuum extraction, etc. However, although some ex situ
methods are considered to be relatively efficient, they are time consuming and highly expensive. Moreover, ex-situ
methods obviously could not solve the problem of pollution and contamination of big volumes and areas, because the
excavation by itself generates unreasonably high costs.

[0005] In situ technologies include chemical oxidation or other chemical treatment (such as solvent extraction), pho-
tocatalysis, electrochemical treatment or bioremediation on-site.

[0006] Photocatalysis for organic pollutants degradation has been suggested using both semiconductors and solar
energy. For example, photocatalysis based on pure titanium dioxide were used for the purification of oil-contaminated
soil. However, these methods are characterized by alow efficiency and long process, and are only useful for the uppermost
layer of the soil.

[0007] Electrokinetic (EK) and electrochemical remediation is the application of a low electric potential or direct current
to electrodes inserted into the soil, inducing electroosmotic flow of the pore fluid and the electromigration of charged
ions towards the electrode of opposite charge. This method is often coupled with technologies such as in situ chemical
oxidation. The limitation of this method is its long remediation time, which may vary from several days to several years.
[0008] Biological remediation is the preferred method from an environmental point of view. However, it has the limitation
that only low quantities of pollutants can be degraded.

[0009] In situ chemical oxidation (ISCO) is a common method, providing some advantages over other technologies,
such as low costs, relatively high degradation efficiency, providing a good basis for subsequent bioremediation. In
addition, it is also implemented over a much shorter time frame. Since the reaction is almost immediate, such treatment
is far more rapid than biological techniques, and can be faster than thermal or vapor recovery technologies.

[0010] The most common oxidizing agents used in in situ technologies are, among others: permanganate, hydrogen
peroxide application variants (i.e. Fenton’s reagent) and ozone. However, each of these oxidizing agents has several
disadvantages, including leftover-contamination for the Fenton’s reagent and long treatment time with high cost equip-
ment for ozone oxidizing.

[0011] Anexample of amodern approach of an oxidizing technology for degrading various persistent organic pollutants
is the method described in WO 2013/093903. However, the method of WO 2013/093903 was determined to cause only
partial oxidation of hydrocarbons (HC), and demonstrated low performances on oil HC decontamination of polluted soils
during in situ application. Furthermore, in the method of WO 2013/093903 superoxide is generated in an aqueous phase,
which is impeding the decontamination process in biphasic (oil-water) systems, which are usually present when the
method is used for the decontamination of POP-contaminated substrates. It was found that in absence of transphase
catalyzers the reaction possesses very low efficiency. Further, the transphase catalysts described in WO 2013/093903
appeared to be expensive and inefficient. Additionally, the recommended quantities of the catalyst according to WO
2013/093903 were highly exceeding catalytic quantities and indicate that the reagents described as transphase catalysts
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in the context of WO 2013/093903 do not act as catalysts but as regular reagents. It could be concluded that the chosen
catalysts are unstable in conditions of superoxidation. In the context of the present patent application, the method
described in WO 2013/093903 is also referred to as the technology of comparison.

[0012] In view of the state of the art and the disadvantageous of known decontamination methods, there is a urgent
needinthe art for the provision of effective, cost-efficient and environmentally friendly methods for the removal, separation
or degradation of persistent organic pollutant(s) (POPs) present in substrates such as soils, gravel, liquids and surfaces
that can be applied in situ and ex situ.

SUMMARY OF THE INVENTION

[0013] In light of the prior art the technical problem underlying the present invention is the provision of alternative
and/or improved means and methods for the removal, separation or degradation of persistent organic pollutant(s) (POPs)
present in substrates.

[0014] Thisproblemissolved by the features ofthe independent claims. Preferred embodiments ofthe presentinvention
are provided by the dependent claims.

[0015] The invention relates to a method for removal, separation or degradation of one or more persistent organic
pollutant(s) (POPs) present in a substrate, the method comprising

- provision of a POP-contaminated substrate,
- afirst reaction stage comprising

o adding to the substrate a basic solution (solution 1), and optionally one or more additives selected from the
group comprising a transphase catalyst (TPC) and a hydrogen peroxide dissociation catalyst, and
o incubating the substrate with the solution 1 and optionally the one or more additives for at least 15 minutes, and

- asecond reaction stage comprising

o adding to the substrate a hydrogen peroxide solution (solution 2) and optionally one or more additives selected
from the group comprising a TPC and a hydrogen peroxide dissociation catalyst,

- wherein a hydrogen peroxide dissociation catalyst and a TPC are added at least during the first or the second
reaction stage.

[0016] According to a preferred embodiment of the invention, the additives of the first and/or second reaction stage
comprise a foam forming agent. Preferably, the additives of the first reaction stage comprise hydrogen peroxide.
[0017] The method of the invention and in particular the preferred embodiments of the invention represent an efficient
and environmentally friendly method for removing or degrading various persistent organic pollutants from a substrate.
Importantly, the method is largely devoid of the disadvantages of the methods of the state of the art. The method of the
invention can be applied for the removal of POPs from a substrate. Removal can either refer to the complete destruction
of POPs or the separation of POPs from the substrate. This process is also called detoxification or remediation of a
substrate in the context of the method of the invention.

[0018] Inthe method of the invention, different chemical reactions have been combined in a non-obvious and surprising
way to create an unexpectedly efficient method for the oxidation and concomitant degradation of POPs. It is a great
advantage of the method of the invention that it effectively degrades a great variety of different POPs, which are also
called contaminants in the context of the invention. POPs might be present in a complex mixture of contaminants in the
contaminated substrates. Furthermore, it was entirely surprising that the method of the invention can effectively applied
to a large variety of different contaminated substrates, that comprise solid objects and surfaces that do not absorb any
liquids, such as metal surfaces, gravel, stones, concrete, glass or any other kind of solid surface; as well as porous
materials, including materials that can absorb liquids or get soaked with liquids, such as for example soil or sand; and
even contaminated liquids, such as in particular mineral oil or other defined liquids that may be contaminated with POPs.
[0019] In the context of the present invention, a contaminated "substrate" can be any kind of contaminated material,
which may be found in the environment, such as all kinds of soils, sands, stones, gravel, water, ground water, sea water,
salt-water, fresh water and biological materials, such as plants. Further exemplary substrates comprise all kinds of
contaminated solid materials, objects, liquids, or items that have been exposed to contaminating POPs. Preferred sub-
strates of the invention comprise mineral oil, surfaces of machines and technical materials or equipment, such as, for
example, railway tracks.

[0020] The performance of the first and the second reaction stage of the method of the invention leads to the consistent
production of hydroperoxide and superoxide radicals and mitigates the generation of hazardous reaction-by-products
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and leftovers, which might be generated through incomplete degradation or oxidation. Such hazardous or toxic by-
products or reaction leftovers comprise partially oxidized POPs, which might still be hazardous, such as for example
epoxides. In general, the terms (reaction) "by-product” and "leftover" refer to incompletely oxidized or degraded POPs
that are still presentin a contaminated substrate after a chemical remediation process, which might be due to incomplete
or inefficient degradation or oxidation.

[0021] Furthermore, in the context of the present invention the terms "removal”, "separation”, "destruction", "decrease"
or "degradation" of POPs refer to a remediation or decontamination of a contaminated substrate leading to a decrease
of the content of the contaminating POP in the substrate, for example a decreased mass-percentage of the POPs to the
total mass of the treated substrate. Herein the method of the invention may also be referred to as the reaction of the
invention.

[0022] The method of the invention enables the significant and unexpectedly efficient removal, decrease and/or de-
struction of POPs but also of unwanted reaction by-products, which normally occur as reaction products after performing
chemical remediation processes of the state of art. For example, the technology of comparison described in WO
2013/093903 leads to the accumulation polyaromatic compounds such as PAHs. Moreover, it is well known in the art
of organic chemistry that such reactions in slightly different conditions are used for hydrocarbon (HC) epoxidation with
consequent purification of the resultant PAHs for use as artificial flavors. Such reactions are described in Figure 1.
Importantly, such PAH oil HC derivatives are extremely toxic and considered carcinogenic. Accordingly, it is a great
advantage of the method of the invention that the generation and accumulation of PAHs is avoided due to the performance
of the second and the optional subsequent reaction stages. The method of the present invention is much more effective
than known methods in the degradation of POPs and thereby avoids the generation of partial oxidation products.
[0023] Inthe context of the presentinvention, the second reaction stage may be considered as resembling to Fenton’s
reagent. However, it should be noted that the character of the reaction and its active products, which are obtained through
interaction with a hydrogen peroxide dissociation catalyst, such as manganese oxide, and organic peroxide, depends
on the pH of the reaction medium. In the context of the method of the present invention, superoxide (O2-¢) is obtained
in basic or alkaline conditions during the second reaction stage. Surprisingly, it turned out that superoxide production is
most effective and active under the alkaline conditions of the method of the present invention as compared to other
reaction conditions, technologies or methods.

[0024] In the context of the invention, the term "reaction stage" refers to individual steps of the method of the present
invention that can be performed subsequently and during which specific chemical reactions can occur. The method of
the invention comprises several reaction stages. As used herein, the term "reaction" can refer a certain reaction stage
or to the whole method of the invention comprising several reaction stages.

[0025] In the context of the method of the present invention the contaminated substrates, such as soils or gravel, will
not be contaminated with significant amounts Fe or Mn surplus as remnants of the method of the invention, because
the method of the invention requires only extremely low quantities of the hydrogen peroxide dissociation catalyst. This
represents a great advantage as compared to chemical remediation methods of the state of the art employing Fenton’s
reagent, which require comparably high amounts of iron (Fe) salts and/or oxides that will contaminate the substrate after
the remediation process. Fenton’s reaction requires the introduction of high amounts of Fe ions, which remain in the
substrate/soil after the decontamination process and represent an unfavorable pollutant. For instance, Fe remnants can
strongly alter the condition after the decontamination reaction leading to an increased pH, since the Fe ions are in acid
media.

[0026] Incontrast, the hydrogen peroxide dissociation catalystused in the method of the invention preferably comprises
Manganese (Mn), which is even regarded as beneficial for the soil microbiota and therefore the low quantities of Mn that
might remain in the substrate, preferably soil, even contributes to the complete recovery of the substrate after removal
of the contaminants. Therefore, the introduction of low levels of Mn-containing hydrogen peroxide dissociation catalysts
in the context of the present invention can be considered as useful for the regeneration of the substrate, such as soill,
because of the biogenic properties of this element, leading to the regeneration of the naturally occurring microbiota of
the soil.

[0027] Itis a further advantage of the method of the present advantage that it can be applied in different modes, such
as, without limitation, in situ, meaning on site without removing or moving the substrate from its usual location, where
the contamination occurred; or ex situ, which involves removing a substrate from its usual location to perform the
remediation process elsewhere. The ex situ mode may involve the excavating soils or other contaminated substrates,
which may be followed by land filling. Subsequently, the method of the present invention can be performed in a different
location and under different conditions compared to the normal environment or location of the substrate. Preferably, an
ex situ method of the invention may be performed in a reactor, a mixing mode reactor, a close-loop reactor or any other
suitable chemical reaction known to a person skilled in the art. It should be highlighted here, that mixing might increase
the efficiency of the method of the invention with respect to the removal or destruction of the POPs.

[0028] The method of the present invention provides several advances as compared to known methods of the state
of the art, including the reduction of required reagent quantities and the possibility to completely degrade or destruct the
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POPs without generating remaining reaction leftovers in form of toxic or hazardous molecules. In contrast to all known
decontamination methods, the method of the present invention can achieve full destruction of the contaminating POPs,
its leftovers and derivatives even when the method is performed as an in situ method. Furthermore, it is possible to sub-
divide the different reaction stages of the method of the present invention into several sub-stages, by applying the
respective solutions in fractions that can incubate with the contaminated substrate for a defined time before the next
fraction of the same reaction stage is added or before proceeding to the next reaction stage. Furthermore, the individual
reaction stages may be repeated, if required, for example when the contaminated POPs have not been completely
removed or degraded by the preceding reaction stage.

[0029] Furthermore, the method of the present invention is suitable for combination with other decontamination meth-
ods, such as bioremediation.

[0030] Bioremediationisa process usedtotreatcontaminated substrates, including water, soil and subsurface material,
by altering environmental conditions to stimulate growth of microorganisms and degrade the target pollutants. In many
cases, bioremediation is less expensive and more sustainable than other remediation alternatives. Bioremediation com-
prises biological treatment methods used to treat wastes including wastewater, industrial waste and solid waste. Many
bioremediation processes involve oxidation-reduction reactions where either an electron acceptor (commonly oxygen)
is added to stimulate oxidation of a reduced pollutant (e.g. hydrocarbons) or an electron donor (commonly an organic
substrate) is added to reduce oxidized pollutants (nitrate, perchlorate, oxidized metals, chlorinated solvents, explosives
and propellants) and therefore share this feature with the method of the presentinvention. In bioremediation approaches,
additional nutrients, vitamins, minerals, and pH buffers may be added to optimize conditions for the microorganisms. In
some cases, specialized microbial cultures are added (bioaugmentation) to further enhance biodegradation. Some
examples of bioremediation related technologies are phytoremediation, mycoremediation, bioventing, bioleaching, land-
farming, bioreactor, composting, bioaugmentation, rhizofiltration, and biostimulation.

[0031] Surprisingly, the combination of the method of the invention with bioremediation methods can lead to synergistic
effects of extremely efficient POP degradation that is much more efficient than it could be expected from the results of
the individual methods. For example, the method of the presentinvention can be used as a pretreatment of a contaminated
substrate that is not accessible to bioremediation. Due to the degradation of the initially present POPs, successive
bioremediation can be used to finalize the remediation process. The method of the present invention is particularly
suitable for this, because no toxic reactions are used and the reaction leads to the generation of naturally occurring
substances such as CO,, H,0 and Na,COs.

[0032] In the context of the present invention, the concentrations and relative amounts of the reagents that are added
to the substrate in the different reaction stages are suitably adjusted to the respective application. The amounts and
concentrations may vary based on the kind of substrate and or the kind(s) of POPs to be degraded. Also, in situ per-
formance of the method may require different conditions as compared to ex situ performance. A skilled person is able
to adjust the ratios, amounts and concentration provided herein to the respective situation.

[0033] In general, during the performance of the method of the present invention superoxide anions are generated
according to the following sequence of reactions:

0
2MOH + H,0, -> M,0, + 2H,0
(1

M,0, + 2H,0, -> 2MO, + 2H,0

[0034] In the context of the above formula, MOH stands for metal hydroxide, such as NaOH, but could be replaced
by any other base that may be able to generate OH- anions in aqueous solution.

[0035] According to the method of the present invention, at least two aqueous solution should be prepared, as basic
solution (solution 1) and a hydrogen peroxide solution (solution 2). The basic solution (solution 1) may comprise any
base that is capable of forming OH- anions in aqueous solution, and preferably is a metal hydroxide solution, such as
for example aluminum hydroxide, beryllium hydroxide, cobalt(ll) hydroxide, copper(ll) hydroxide, curium hydroxide,
gold(lll) hydroxide, iron(ll) hydroxide, mercury(ll) hydroxide, nickel(ll) hydroxide, tin(ll) hydroxide, uranyl hydroxide, zinc
hydroxide or zirconium(IV) hydroxide. More preferably the basic solution 1 comprises an alkali hydroxide, such as for
example lithium hydroxide (LIOH), sodium hydroxide (NaOH), potassium hydroxide (KOH), rubidium hydroxide (RbOH)
or cesium hydroxide (CsOH). A further preferred base for the preparation of solution 1 of the present invention is sodium
methylate (CH3;ONa, also called sodium methoxide), which is formed by the deprotonation of methanol and is a routinely
used base in organic chemistry.
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[0036] Solution 1 is used in the context of the method of the present invention to create an alkaline environment in
the reaction mixture of solution 1 and the contaminated substrate, preferably with a strong alkaline pH in the range of
12-14. In the context of the present invention, the term "reaction mixture" refers to mixtures comprising the contaminated
substrates and reaction components that are added to the substrate during the stages of the method of the invention.
The term "reaction components" refers to the different solutions, compounds comprised in the solutions and additives
that are added to the substrate during the method of the invention. Reaction mixtures may comprise the contaminated
substrate as well as one or more of solution 1, 2 and 3, hydrogen peroxide, a base, preferably a metal hydroxide such
as NaOH, or the additives that might be added during the different reaction stages. The composition of the reaction
mixture is changing over the course of the method of the present invention.

[0037] The preferred volume of solution 1 to be employed and the concentration of the one or more bases in solution
1 depends on the volume and the kind of substrate and/or the POPs as well as on the kind of based used for the
preparation of the basic solution. A person skilled in the art is able to determine a suitable volume and concentration of
solution 1 to saturate or cover the whole contaminated substrate to be treated in order to create an environment with a
pH of 12-14.

[0038] In alternative embodiments of the invention, solution 1 is prepared and added to the substrate in a volume and
concentration of the base suitable for generating an alkaline environment of pH 8-14, 8.1-13.9, 8.2-13.8, 8.3-13.7,
8.4-13.6, 8.5-13.5, 8.6-13.4, 8.7-13.3, 8.8-13.2, 8,9-13.1, 9-13.0, 9.1-12.9, 9.2-12.8, 9.3-12.7, 9.4-12.6, 9.5-12.5,
9.6-12.4, 9.7-12.3, 9.8-12.2, 9,9-12.1, 10-12, 10.1-11.9, 10.2-11.8, 10.3-111.7, 10.4-11.6, 10.5-11.5, 10.6-11.4,
10.7-11.3, 10.8-11.2, 10,9-11.1 or 11.

[0039] The hydrogen peroxide solution (solution 2 and/or solution 3) is prepared by dissolving hydrogen peroxide in
water. Hydrogen peroxide is a chemical compound with the formula H,0,. Inits pure form, it is a pale blue, clear liquid,
slightly more viscous than water. Hydrogen peroxide is the simplest peroxide (a compound with an oxygen-oxygen single
bond). In aqueous solutions hydrogen peroxide differs from the pure material due to the effects of hydrogen bonding
between water and hydrogen peroxide molecules.

[0040] Preferably, the concentration of H,O, in solution 2 is in the range of 10-50, 11-49, 12-48, 13-47, 14-46, 15-45,
16-44,17-43, 18-42, 19-41, 20-40, 21-39, 22-38, 23-37, 24-36, 25-35, 26-34, 27-33, 28-32, 29-31 or 30 % (w/w) or (v/v).
[0041] In a preferred embodiment of the invention, the hydrogen peroxide concentration in solution 2 may be 30-35
% (w/w) or (v/v). Surprisingly, it was found that hydrogen peroxide concentrations of about 30-35 % in solution 2 and/or
solution 3 are particularly efficient in the context of the present invention in degrading POPs contained by the substrates
to be decontaminated. However, the concentration of hydrogen peroxide may be adjusted based on the respective
substrate, POP and/or further reaction conditions of the respective case and can be suitably adjusted by a skilled person.
In the context of the present invention, the term "case" refers to a particular situation, in which a specific contaminated
substrate should be decontaminated by means of the present invention. A case may refer to a specific substrate in a
specific amount and location comprising a certain contamination with a certain composition of one or more POPs, which
should be decontaminated.

[0042] The efficiency of the degradation of POPs further depends on the additives and catalysts added at the different
reaction stages and the physical conditions of the POPs, the substrate, the timing and fractionation of adding the reaction
components to the substrate. A person skilled in the art is able to adjust the details of the method of the present invention
based on the specific POP-contaminated substrate to be decontaminated and the specific case.

[0043] Itis aparticular advantage of the presentinvention that due to the addition of a hydrogen peroxide decomposition
catalyst during the first and/or the second reaction stage it is possible to continue the decontamination process of the
method of the invention by adding (after the second reaction stage) an aqueous solution of hydrogen peroxide. Because
of the addition of the hydrogen peroxide decomposition catalyst during earlier reaction stages, the presence of such a
catalyst will lead to the generation of superoxide during the third reaction stage, leading to the continued degradation
of POPs and reaction by-products and leftover. Accordingly, the reaction can be continued by addition of hydrogen
peroxide solution without any other additives until the desired result of the decontamination process of the invention has
been achieved.

[0044] In preferred embodiments of the invention, the POP-contaminated substrate is soil. It is a particular advantage
of this embodiment that it might not require the external addition of any catalyst because the components and chemicals
already present in the soil may be act as a catalyst. For example, silicium dioxide, which is present in sandy soils, can
act as a hydrogen peroxide decomposition catalyst and therefore the external addition of a further hydrogen peroxide
decomposition catalysts can be reduced to very little amounts or may be even not necessary, depending of on the
amounts of silicium dioxide present in the substrate.

[0045] Furthermore, it is an important advantage of the method of the invention that the substrate, such as for example
soil, is not sterilized (meaning that the microorganisms present in the treated soil are not killed), but instead is not harmful
to the soil microbiota. Therefore, the naturally occurring microbiome of the soil is at least partially maintained during the
method of the invention. This is particularly advantageous because degradation products, reaction leftovers and by-
products that may still be present after the performance of the method of the invention can be further degraded by the
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endogenously occurring microorganisms or microbiota of the soil. It was shown that after decontamination of soil by the
method of the present invention the microorganisms of the soil recovered well. In particular, it was found that nitrobacteria
and oligonitrophiles, which are both well known as contaminant-degrading microorganisms, were abundantly found in
decontaminated soils and contributed to the full degradation of the reaction products. In preferred embodiments the
present invention may additionally comprise the addition of nitrogen fertilizers to the substrate, since such fertilizer have
been shown to contribute to the recovery of the soils microbiome after decontamination treatments.

[0046] Preferably, the amount of the hydrogen peroxide solution added during reaction stage 2 is not less the amount
of the POP or contaminant present in or on the substrate. This means that, for example, when there is 1 kg of POP
present in or on the contaminated substrate, at least 1 kg of 20-40 % hydrogen peroxide solution (solution 2) should be
added to the substrate during reaction stage 2. Preferably, the amount of solution 2 added to the substrate is higher
than the amount of the substrate to be treated. For example, when treating 100 kg of contaminated substrate, the amount
of solution 2 added to the substrate should not be higher than 100 kg of solution 2.

[0047] Itis preferably that after the addition of one or more reaction components the contaminated substrate and the
added reaction component(s) are incubated for a certain time, preferably 15-30 minutes, preferably while mixing or
agitating the substrate with the added components.

[0048] Preferably, the one or more POPs in the substrate are selected from the group comprising polychlorinated
hydrocarbons (PCHs), polycyclic aromatic hydrocarbons (PAHSs), polychlorinated biphenyls (PCBs), chlorinated solvents,
petroleum products and pharmaceutical leftovers. In further embodiments of the invention, POPs comprise all kinds of
harmful hydrocarbons that are known to a skilled person.

[0049] Itis a great advantage of the method of the invention that it is efficient in degrading and removing a great variety
of contaminating POPs from substrates and is not limited to a certain subgroup or class. It is particularly advantageous
that hazardous POPs such as PCHs, PAHs and PCBs, chlorinated solvents, petroleum products and pharmaceutical
leftovers can be degraded by the method of the invention.

[0050] In a preferred embodiment of the invention, the base of basic solution 1 is a metal hydroxide (MOH) solution,
preferably NaOH solution, wherein the concentration of MOH in solution 1 is in the range of 15 - 30 % (w/v) (3.75-7.5
M). It was shown that the method of the present invention is particularly efficient in degrading POPs from contaminated
substrates when the basic solution was prepared by using a metal hydroxide, such as NaOH, for the preparation of
solution 1. According to a further preferred embodiment of the invention, the base of basic solution 1 is a metal hydroxide
(MOH) solution, preferably NaOH solution, wherein the concentration of MOH in solution 1 is adjusted to be in the range
of 15 % - 30 % (w/v) (3.75 - 7.5 M) in a combined volume of solution 1 and solution 2.

[0051] Furthermore, it turned out that a concentration of metal hydroxide, preferably NaOH, in solution 1 or in a
combined volume of solution 1 and solution 2 in the range of about 10-40, 11-39, 12-38, 13-37, 14-36, 15-35, 16-34,
17-33, 18-32, 19-31, 20-30, 21-29, 22-28, 23-27, 24-26 or 25 % (w/v) are particularly suited, since it is possible to
generate an alkaline environment of about pH12-14 in the substrate after addition of solution 1. Furthermore, this alkaline
environment can be maintained over the course of the method of the present invention. Concentrations in the range of
15-30 % (w/v) are preferred because the balance between degradation of POPs and survival of microbiota is particularly
advantageous under such conditions.

[0052] In the context of the present invention, the term "alkaline environment" refers to the creation of an alkaline pH
of 8 or more, preferably in the range of 12-14, in the reaction mixture of the method of the present invention. It preferably
refers to the pH in the reaction mixture, which is generated by the addition of reaction components of the method of the
invention to the contaminated substrate.

[0053] Preferably, the decontamination reaction of the method of the present invention is started by adding solution
1 to the contaminated substrate in an amount sufficient to create an alkaline environment, preferably of pH 12-14, in the
reaction mixture. If possible, after the addition of solution 1 to the substrate, there is an incubation step of preferably at
least 15-30 minutes, during which the substrate and solution 1 may be mixed. However, if mixing is not possible, a skilled
person can adjust the method of the invention.

[0054] Preferably, the volume of solution 1 is sufficient to saturate the substrate and to generate an alkaline environment
of pH 12-14. Depending on the reaction conditions, a skilled person can add a suitable volume of solution 1 that ensures
that throughout the reaction mixture comprising the whole contaminated substrate to be decontaminated, an alkaline
environment of pH 12-14 is generated. This means that, for example, in case of cleaning solid materials or surfaces,
such as machine parts or gravel, the volume of solution 1 should be sufficient to cover all the contaminated surface of
the solid objects to be decontaminated. In case of cleaning porous materials, such as for example soil, the volume of
solution 1 should be adjusted to be sufficient to saturate, cover, soak, or surround the complete amount of soil to be
decontaminated with solution 1 to ensure that in the whole reaction environment or reaction mixture comprising the
complete substrate/soil to be decontaminated an alkaline environment is generated. It is an important advantage of the
present invention that the method can be adjusted according to the respective reaction conditions of a specific case. In
a preferred embodiment the contaminated substrate consists of POPs.

[0055] According to a preferred embodiment of the invention, the method comprises additionally a third reaction stage
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comprising adding to the substrate a hydrogen peroxide solution (solution 3). Preferably, solution 3 is identical to solution
2. However, it might be preferable that solution 3 has a different composition than solution 2, for example if solution 2
comprises further additives in addition to hydrogen peroxide. Preferably, the hydrogen peroxide concentration in solution
3 is in the same range as in solution 2. However, it might be advantageous to use a different hydrogen peroxide
concentration that might be increased or decreased compared to solution 2. The hydrogen peroxide concentration may
be adjusted to the specific reaction conditions and to the result of the previously performed reaction stages. In preferred
embodiments, the contamination status of the substrate may be analysed between different reaction stages to decide
whether the method should be continued with a further or repeated reaction stage.

[0056] Preferably, the concentration of hydrogen peroxide (H,O5,) in solution 3 is in the range of 10-50, 11-49, 12-48,
13-47, 14-46, 15-45, 16-44, 17-43, 18-42, 19-41, 20-40, 21-39, 22-38, 23-37, 24-36, 25-35, 26-34, 27-33, 28-32, 29-31
or 30 % (w/w) or (v/v). Concentrations of 30-35 % are particularly preferred since it was observed that these concentrations
lead to a highly efficient degradation of POPs and reaction leftovers or by-products of the previous reaction stages.
[0057] Itis a great advantage of the method of the present invention that during the third reaction stage superoxide
can be generated by adding solution 3, which may not comprise any further components or additives in addition to
hydrogen peroxide. This is due to the fact that a hydrogen peroxide decomposition catalyst has been added to the
reaction mixture during the previously performed first and/or second reaction stage(s). The hydrogen decomposition
catalyst can catalyze the generation of superoxide, because as a catalyst it may not be consumed by the reaction but
remains available for later reactions. Therefore, it is sufficient for the generation of hydrogen peroxide during reaction
stage 3 that the hydrogen peroxide decomposition catalyst has been added in during an earlier reaction stage.

[0058] Itis afurther advantage, that it is possible to repeat reaction stage 3 several times in the context of the method
of the present invention to generate more superoxide to ensure degradation of the POPs until the desired result is
achieve without a requirement for adding additional amounts of hydrogen peroxide decomposition catalyst.

[0059] In preferred embodiments of the method of the invention the volume or weight of solution 2 and/or solution 3
is at least 50% of the volume or weight of solution 1. In further preferred embodiments the volume or weight of solution
2 and/or solution 3 is at least about 1, 2, 3, 4, 5,6,7, 8,9, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, 36, 40, 44, 48,
52, 56, 60, 65, 70, 75, 80, 85, 90, 95 %, or at least about the same of the volume or weight of solution 1. In further
embodiments of the invention the volume or weight of solution 2 and/or solution 3 may be at least about 105, 110, 115,
120, 125, 130, 135, 140, 150, 160, 170, 180, 190 or 200 % of the volume or weight of solution 1.

[0060] The total amount of solution 2 and/or solution 3 that are added during reaction stages 2 and 3, wherein these
reaction stages may be repeated, can be determined by a skilled person for each specific case on the basis of the
specific substrate and POP-contamination of the substrate and may be adjusted while performing the method on the
basis of the result of the previous reaction stages of the method. Furthermore, the amount of solution 2 and/or 3 depends
on the desired result of the method of the invention. For example, for complete degradation of the contaminating POPs
higher amounts of solution 2 and/or 3 may be required as compared to the removal of the POPs by separation of POPs
from the substrate.

[0061] Inapreferred embodiment of the method, the respective amounts of solution 1, solution 2 and optionally solution
3 can be determined by a skilled person on the basis of the following example. For 1 part of the one or more POPs 3.7
- 4.3 parts of NaOH solution (solution 1) are added during reaction stage 2 and 10 parts of H,0O, solution (solution 2 and
optionally 3) by mass (or by volume) are needed, wherein the concentration of NaOH in solution 1 is 15-30 % (w/v) and
the concentration of hydrogen peroxide in solution 2 and optionally 3 is 30-35 % (v/v). Accordingly, it may be preferable
that for the degradation of 1 kg of POPs comprised by a POP-contaminated substrate 3.7 - 4.3 kg of solution 1 and a
combined amount of 10 kg of solution 2 and optionally solution 3 may be added during the different reaction stages of
the method of invention. These amounts represent an example, which may have to be adjusted by the skilled person
performing the method on the basis of the specific conditions under which the method is to be performed. The total
amount of 10 kg of solution 2 and solution 3 may be divided in one, two, three, four, five or more fractions to be
applied/added separately, preferably intermitted by an incubation period that may include a mixing step. These ratios
provided in the example above could vary depending on POP-type, POP-percentage in the substrate, technological
conditions, etc. This embodiment represents an example, which should serve as a basis for determining the best reaction
conditions for each specific case of applying the method of the invention for the degradation of POPs present in a
substrate, without being limiting for the present invention.

[0062] The addition of hydrogen peroxide solutions during the second and third reaction stages may be repeated
several times. Importantly, H,O, added during reaction step 2 and 3 decomposes resulting in the production of oxidative
radicals, such as in particular superoxide, due to the presence of the hydrogen peroxide decomposition catalyst added
during reaction stage 1 or 2.

[0063] In preferred embodiments of the method of the invention, the order of the reaction stages may be changed, for
example due to the reaction conditions of the specific case. Furthermore, it may be advantageous to divide the addition
of the total amount of solution 1 and/or solution 2 and/or solution 3 added during the respective reaction stages into sub-
fractions that are added individually with time delays in between the individual additions to make the process more
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effective. The timing of the delays in reagents application could be defined referring to the specific conditions of the
respective case.

[0064] In preferred embodiments or the present invention, the method comprises between the reaction stages or
between the addition of fractions of the solution added during the respective reaction stages, delays of 0.1 - 48 hours,
preferably 0.2 to 24 hours, 0.25 to 18 hours, 0.3 to 12 hours, 0.4 to 8 hours, 0.5 to 6 hours, 0.6 to 5 hours, 0.7 to 4 hours,
0.8 to 3 hours, 0.9 to 2 hours or 1 hour. A delay of 0.25 to 1 hour may be particularly advantageous, because this would
make it possible to perform the method of the present invention within less than one day, which might be particularly
advantageous when performing the method in situ, where changes of the weather may interfere with performing the
method of the invention, besides a reduction of costs that is associated with a time efficient performance of the method.
A further advantage of time delays of at least 15 minutes is that gases generated during the respective reaction stage
may have volatilized during this period. On the other hand, incubation periods of more than 1 hour may be advantageous
to ensure that the reaction stage or a fraction of a reaction stage has been finalized through consumption of all reagents.
In preferred embodiments, the total volume of solution 1, solution 2 and/or solution 3 is divided into fractions, wherein
the fractions are added to the substrate sequentially with a delay before the addition of each consecutive fraction. It may
further be preferred that the second and/or the third reaction stage are repeated at least once.

[0065] Preferably, the method of the invention is executed in the order of first performing the first reaction stage, then
the second reaction and finally the third reaction stage. However, the order or the reaction stages can be changed and/or
one or more individual reaction stages may be repeated in the context of the present invention. A person skilled in the
art may adjust the method of the invention and the order and repetition of reaction stages depending on the specific case.
[0066] In a further preferred embodiment of the method of the invention, the transphase catalyst (TPC) is a polyhal-
ogenated surfactant, more preferably a polyfluorinated surfactant.

[0067] A transphase catalyst, TPC, phase-transfer catalyst or PTC is a catalyst that facilitates the migration of a
reactant from one phase into another phase where reaction occurs. This process is also called phase-transfer catalysis
and is a special form of heterogeneous catalysis. lonic reactants are often soluble in an aqueous phase but insoluble
in an organic phase in the absence of the phase-transfer catalyst. The catalyst functions like a detergent for solubilizing
the salts or ionic reactants from the aqueous phase into the organic phase. In the context of the present invention, phase-
transfer catalysis by means of one or more TPC may enable the acceleration of the reaction upon the addition of the
TPC. By using a TPC, it is possible to achieve faster reactions, obtain higher conversions and/or yields, make fewer by-
products, and eliminate the need for expensive or dangerous solvents that will dissolve all the reactants in one phase,
eliminate the need for expensive raw materials and/or minimize waste problems.

[0068] The use TPC in the context of the present invention is particularly preferred, because during the different
reaction stage aqueous solutions are added to the contaminated substrate. However, many POPs, which are mostly
long hydrocarbon molecules, are not soluble in aqueous solutions and may therefore not be fully accessible to the
reagents added during the method of the invention. This problem can be overcome by the use of one or more suitable TPC.
[0069] TPCs are often quaternary ammonium salts, and important examples of TPCs catalysts include, without limi-
tation, benzyltriethylammonium chloride, methyltricaprylammonium chloride, methyltributylammonium chloride, and
methyltrioctylammonium chloride and organic phosphonium salts, such as hexadecyltributylphosphonium bromide. Pre-
ferred TPC to be used in the context of the present invention comprise, without limitation, polyhalogenated or polyfluor-
inated surfactants, because they have on the one hand a high chemical stability in superoxidative reactions, and on the
other hand are not hazardous or toxic and are therefore environmentally friendly, which is particularly preferred in the
context of the present invention.

[0070] In the context of the method of the present invention, the use of a TPC that is a polyhalogenated hydrocarbon
or polyhalogenated surfactant, more preferably a polyfluorinated hydrocarbon or polyhalogenated surfactant, is partic-
ularly preferred because such TPC are stable in the presence of superoxide anions and/or under conditions of super-
oxidation. This is a particular advantage of polyhalogenated and specifically polyfluorinated TPC compared to many
other TPC used in oxidation based remediation methods that they are stable in the presence of oxidative conditions and
in particular in the presence of superoxide, because oxidation is taking place during such methods leading to the decrease
of the activity of TPC that are not polyhalogenated or polyfluorinated.

[0071] The term "surfactant" refers to compounds that lower the surface tension (or interfacial tension) between two
liquids or between a liquid and a solid. Surfactants may act as detergents, wetting agents, emulsifiers, foaming agents,
and dispersants. Surfactants are usually organic compounds that are amphiphilic, meaning they contain both hydrophobic
groups (their tails) and hydrophilic groups (their heads). Therefore, a surfactant contains both a water-insoluble (or oil-
soluble) component and a water-soluble component. Surfactants will diffuse in water and adsorb at interfaces between
air and water or at the interface between oil and water, in the case where water is mixed with oil. The water-insoluble
hydrophobic group may extend out of the bulk water phase, into the air or into the oil phase, while the water-soluble
head group remains in the water phase.

[0072] Preferably, the one or more transphase catalyst (TPC) used in the context of the present invention belongs to
the group of stable polyhalogenated surfactants, more preferably a polyfluorinated single tailed or poly-tailed hydrocarbon
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substance. Such TPC highly improve the interaction between oily and water phase and are stable in conditions of the
method of the present invention comprising superoxidation.
[0073] Experimental results showed, that the use of the TPC TIVIDA 2300 provided by the company Merck was
particularly advantageous. A TPC according to the formula

is particularly preferred in the context of the present invention.

[0074] Itshould be noted thatthe TPC could be applied as the additive during the first reaction stage and/or the second
reaction stage. The TPC may be added to solution 1 or solution 2 before addition of the respective solution to the
substrate. Alternatively, the TPC may be added to the substrate individually, either in solid form or solved in water. It is
preferred, that TPC is added during the first reaction stage.

[0075] In a further embodiment of the present invention, the TPC concentration in a combined volume of solution 1
and solution 2 is in a range of 0.001 - 10 %, preferably 0.005 % (w/v) or (v/v). Furthermore, the concentration of the
TPC, such as polyhalogenated or polyfluorinated surfactants and in particular TIVIDA 2300, may be in the range of 0,001
- 10 % (w/v), preferably 0.002 - 9, 0.003 - 8, 0.004 - 7, 0.005 - 6, 0.005 - 5, 0.006 - 4, 0.007 - 3,0.008 - 2, 0.009 - 1, 0.01
-0.9,0.02-0.8,0.03-0.7,0.04 - 0.6, 0.05-0.5,0.06 - 0.4, 0.07 - 0.3, 0.08 - 0.2 or 0.09 - 0.1 % (w/v) or (v/v) in the
combined volume of solution 1 and solution 2.

[0076] A concentration of the TPC of about 0.005 % is particularly preferred, since it was determined that this con-
centration enables a very efficient degradation of POPs in the context of the present invention, although the amount of
the TPC is very low and therefore beneficial because only these small amounts remain in the substrate after the method
of the present invention has been performed.

[0077] According to a further preferred embodiment of the present invention, the hydrogen peroxide dissociation
catalyst is a manganese (Mn) containing catalyst, preferably MnO, MnO, or KMnO,.

[0078] Hydrogen peroxide is thermodynamically unstable and dissociates (or decomposes) to form water and oxygen
according to the formula2 H,0, — 2H,0 + O,. The rate of decomposition increases with rising temperature, concentration
and pH. Decomposition is catalysed by various compounds known to the person skilled in the art, including most transition
metals and their compounds (e.g. manganese dioxide, silver, and platinum). Certain metal ions, such as Fe2+ or Ti3+,
can cause the decomposition to take a different path, with free radicals such as (HO-), (HOO-) and superoxide (O,-)
being formed. Non-metallic catalysts include potassium iodide, which reacts particularly rapidly and forms the basis of
the elephant toothpaste experiment.

[0079] It was entirely surprising that in the context of the present invention in the presence of an alkaline environment
it is possible to decompose or dissociate the hydrogen peroxide comprised by solution 2 and optionally 3 to dissociate
to form superoxide anions in the presence of a hydrogen peroxide dissociation catalyst. Hydrogen peroxide dissociation
catalysts that may be used in the context of the present invention comprise, without limitation, metal oxides and metal
salts, preferably of the metals Ag, Fe, Cu, Co, Cr, Pb, and, most preferably, Mn, such as for example MnO, MnO,, or
KMnO, and others.

[0080] Surprisingly, it was found that dissociation of hydrogen peroxide into superoxide was particularly efficient when
manganese-containing catalysts, such as MnO, MnO, or KMnO,, are added to during the method of the present invention.
However, the hydrogen peroxide dissociation catalysts that may be used in the context of the present invention are not
limited to these manganese-containing catalysts but comprise all hydrogen peroxide dissociation (decomposition) cat-
alysts known to a person skilled in the art. The selection of the specific hydrogen peroxide dissociation catalyst may be
based on the specific situation in which the method of the present invention should be performed and may depend on
the various parameters discussed herein, such as the substrate, the kind and amount of contaminating POPs and
performance of the method in situ or ex situ.

[0081] Itis an advantage of the manganese containing catalysts used in the context of the present invention that they
are regarded as beneficial for the propagation and recovery of soil microbiota that are involved in the degradation of
POPs and reaction leftovers generated during chemical degradation of POPs. Therefore, it is an important advantage
of embodiments of the present invention that the manganese containing hydrogen peroxide dissociation catalysts that
remain in the substrate, such a soil, after performing of the method of the invention and promote the establishment and
recovery of microbiota in the soil that can degrade eventual leftovers of partially degraded POPs.

[0082] Preferred hydrogen peroxide dissociation catalysts used in the method of the invention comprise, without
limitation, Mn-oxides or other metal-oxides in general. Preferably, a hydrogen peroxide dissociation catalyst, such as
MnO,, is added as a colloid solution in water directly to solution 1 and/or solution 2 before adding the respective solution
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to the substrate during the corresponding reaction stage. Alternatively, the hydrogen peroxide dissociation catalysts
may be added separately in solid form or solved in water directly to the substrate, preferably during the first or the second
reaction stage. Suitable concentrations of the catalyst are in the range of 0,001 - 0.01 % (w/v), preferably 0.005 % of
the combined volume of solution 1 and solution 2. In a preferred embodiment of the invention, the hydrogen peroxide
dissociation catalyst concentration in a combined volume of solution 1 and solution 2 is in a range of 0.001 - 0.01 %,
preferably 0.005 % (w/v). Furthermore, the hydrogen peroxide dissociation catalyst concentration in a combined volume
of solution 1 and solution 2 may be in a range of 0,001 - 10 % (w/v), preferably 0.002 - 9, 0.003 - 8, 0.004 - 7, 0.005 -
6, 0.005 - 5, 0.006 - 4, 0.007 - 3, 0.008 - 2, 0.009 - 1, 0.01 - 0.9, 0.02 - 0.8, 0.03 - 0.7, 0.04 - 0.6, 0.05 - 0.5, 0.06 - 0.4,
0.07-0.3,0.08 - 0.2 0or 0.09 - 0.1 % (w/v) in the combined volume of solution 1 and solution 2.

[0083] In preferred embodiments of the present invention, the additives of the first and/or second reaction stage
additionally comprise a foam forming agent, preferably selected from the group comprising industrial surfactants, non-
ionic surfactants, ionic surfactants, polyfluorinated surfactants and detergents, wherein the concentration of the foam
forming agent in a combined volume of solution 1 and solution 2 is in a range of 0.001 - 10 %, preferably 0.05 % (w/v)
or (v/v). Furthermore, the concentration of the foam forming agent in a combined volume of solution 1 and solution 2
may be in a range of 0,001 - 10 % (w/v) or (v/v), preferably 0.002 - 9, 0.003 - 8, 0.004 - 7, 0.005 - 6, 0.005 - 5, 0.006 -
4,0.007 - 3,0.008 -2, 0.009 - 1,0.01-0.9,0.02-0.8,0.03-0.7,0.04 - 0.6, 0.05 - 0.5, 0.06 - 0.4, 0.07 - 0.3,0.08 - 0.2
or 0.09 - 0.1 % in the combined volume of solution 1 and solution 2.

[0084] The addition of foam forming agents to solution 1 and/or solution 2 may be particularly advantageous when
the substrate is a solid, non-porous material, object or surface that cannot absorb the liquid solutions. By using foam
forming agents it is possible for the solutions to remain on such solid, non-absorbing solid surfaces for prolonged periods
without flowing off immediately. This prolongs the contact between the solutions (and the reagents provided therein)
and the POP-contaminated substrate, which allows a more efficient degradation of the POPs. Accordingly, a stronger
decontamination effect is achieved.

[0085] In alternative embodiments of the method of the invention, the additives are added to the solutions before or
during addition of the solution to the substrate, or the additives are added to the substrate separately, preferably solved
in water. Preferably, the additives are added during or in the first reaction stage.

[0086] In preferred embodiments of the present invention, the substrate is selected from the group comprising porous
solid substrates, such as soils and sand, surface solid substrates, such as gravel and solid surfaces, and liquid substrates,
such as mineral oil. In the context of the present invention, as possible substrates could be considered porous solid
materials, such as soils and sand; surface solid materials, such as gravel, different solid surfaces or an arenaceous non-
porous substrate; and liquid, such as for example mineral oils used in electrical facilities.

[0087] In preferred embodiments of the present invention, the substrate is a solid surface substrate or arenaceous
non-porous substrate and the first reaction stage comprises the addition of a foam forming agent, preferably comprised
in solution 1, wherein the concentration of the foam forming agent in a combined volume of solution 1 and solution 2 is
in a range of 0.001 - 10 %, preferably 0.05 % (w/v) or (v/v). According to a further embodiment, the substrate is gravel
and the volume of solution 1 is about 5 - 40 %, preferably 20 - 30 % of the gravel volume.

[0088] In certain embodiments of the invention, the method is carried out as an in-situ method. This means that the
substrate is treated according to the method of the invention at the site and under the given conditions without moving
or transferring the substrate to a different location.

[0089] For example, contaminated soil may be treated without removing the contaminated substrate from the ground.
The method can be performed by applying the solutions and reagents of the method of the invention directly to the
surface, so the superficial POPs will get immediately exposed to the solutions. Furthermore, the solutions will penetrate
the soil, so it will be soaked with the respective solutions that may also comprise one or more additives. Furthermore,
it is possible to inject the solutions into the soil at certain locations, to also efficiently enable reaching POP-contaminations
that are not located near the surface. An alternative in situ application of the method of the invention is the cleaning of
railway tracks and the gravel that is located in the track bed. Further in situ applications of the method of the present
invention are obvious to a skilled person in light of the described examples.

[0090] In alternative embodiments of the invention, the method is carried out as an ex-situ method in a chemical reactor
or a mixing mode reactor, preferably a close-loop system reactor. In ex-situ embodiments of the invention, the contam-
inated substrates are removed from their normal or initial location and may be transferred to different location where the
method of the invention is performed. Preferably, in the ex situ mode the method of the invention is performed in a
chemical reactor, which may be any kind of reaction tube, ranging from a capacity of less than one millilitre (ml) or one
gram to several cubic meters or tons of substrate. Preferably, it is possible to control the reaction temperature and the
reaction pressure in such a reactor. Furthermore, it may be possible to mix or agitate the substrate and the added
solutions and additives during the method of the present invention. Such ex situ embodiments of the method of the
present invention are advantageous, because increased reaction temperature, agitation of the reaction mixture and
increased reaction pressure enable a more efficient degradation of the POPs.

[0091] In preferred embodiments of the method of the present invention performed ex situ, the combined volume of
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solution 1 and solution 2 is increased by 15 - 40 %, preferably 25 % as compared to the minimum combined volume of
solution 1 and solution 2 according to the present invention. The minimum volume of solution 1 may be sufficient to
saturate the substrate and to generate an alkali environment, and the minimum volume of solution 2 is at least 1 %,
preferably 10 %, more preferably 50 % of the volume of solution 1. Increasing the combined volume of solution 1 and/or
solution 2 in the method of the invention in an ex situ situation is beneficial, because a surplus of the reaction components
can ensure a more efficient degradation of the POPs. Furthermore, it is possible to remove remaining reagents from the
substrate after performing the method of the invention.

[0092] In preferred embodiments of the invention, the first, second and/or third reaction stage are carried out at a
temperature of more than 25°C, preferably 45°C, most preferably at more than 80 °C, and/or at a pressure of more than
1000 hPa, preferably 1200 - 7000 hPa, most preferably at 7000 hPa. Preferably, such embodiments are carried out at
a temperature of more than 25 °C, preferably 45 °C, most preferably at more than 80 °C, and/or at a pressure of more
than 1000 hPa, preferably 1200 - 7000 hPa, most preferably at 7000 hPa, are ex situ methods that are preferably carried
out in a chemical reactor, such as a tightly closed reactor, preferably a close-loop system reactor.

[0093] Preferably, the method of the present invention should not be performed at temperatures below 0 °C or at
pressures that are below about 1000 hPa. However, it is possible to perform the method of the present invention, even
as anin situ method, when the temperature of the environment is below 0 °C, wherein the solutions added to the substrate
during the method of the present invention are higher than 0 °C, preferably, about 25 °C or more. This would possibly
lead to an increase of the reaction temperature to above 0 °C, since the cold substrate would be warmed up by addition
of the warmer solutions during the different reaction stages of the method.

[0094] In preferred embodiments of the invention, the substrate is a liquid substrate, preferably mineral oil, and the
first reaction stage comprises the addition of a polyfluorinated TPC, wherein the concentration of the polyfluorinated
TPCinacombined volume of solution 1 and solution 2 isinarange of 0.001 - 10 %, preferably 0.005 %. Such embodiments
may be carried out as an ex situ method, preferably in a closed reactor system, such as a close-loop reactor that enables
performing the method under controllable increased temperatures and pressures. Improved performance of the method
for the removal, separation or degradation of POPs present in mineral oil can be achieved with high temperature and
high pressure, such as temperatures of more than 25°C, preferably 45°C or higher, and/or a pressure not less than
atmospheric, preferably higher than 1013 hPa.

[0095] According to a further embodiment of the present invention, the POPs consist predominantly of PCBs, and

- the method is performed ex situ in a close-loop system reactor,

- the first, second and/or third reaction stage are carried out at a temperature of more than 25°C, preferably 45°C,
most preferably at more than 80 °C, and

- the first, second and/or third reaction stage are carried out at a pressure of more than 1000 hPa, preferably 1200 -
7000 hPa, most preferably at 7000 hPa.,

[0096] Preferably, the method is carried out in combination with other remediation methods, such as bioremediation.
Further remediation methods comprise thermal desorption, thermal destruction (incineration), soil washing, biological
remediation and/or vacuum extraction, chemical oxidation, chemical treatment (such as solvent extraction), photocatal-
ysis, electrochemical treatment or bioremediation. In general, remediation refers to a process of degrading or removing
contaminants or POPs from a substrate. In the context of the invention, the terms POP, pollutant and contaminant are
used interchangeably.

[0097] The method of the present invention is particularly efficient when it is performed in a closed reactor system,
such as a close-loop system reactor, or in combination with other remediation methods, such as bioremediation.
[0098] When performing the method of the present invention in combination with bioremediation, the method of the
invention may be performed before bioremediation to rapidly pre-process or partially degrade the most toxic and per-
meable pollutants or POPs, such as PAHs and fluorinated hydrocarbons, into less- or non-hazardous leftovers that are
highly available to biological remediation processes.

[0099] It is a great advantage of the present invention that decontaminated soil, which underwent the method of the
present invention, can be used as biocompost. Furthermore, the method of the present invention may be performed in
combination with bioremediation, wherein the method is preformed subsequently to a bioremediation process to degrade
the contaminants or contaminant leftovers that could not be degraded by microorganisms. In that case microorganism
inoculation would be performed on the native contaminated soil before performing the method of the present invention.
It was entirely surprising that the combination of bioremediation and the method of the present invention can lead to a
complete degradation of the POPs present in contaminated soil. Furthermore, it was not expected that after remediation
by the combination of the two methods the soil is more fertile than before the contamination event, representing a
surprising synergistic effect of the two methods.

[0100] In preferred embodiments of the present invention, the POPs or contaminants are not destroyed entirely, but
are separated from the substrate for further processing after separation and isolation. In such embodiments, the reagent
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quantities and the number or reaction stages are low. Preferably no third reaction stage is performed and the volumes
of the solutions of the reaction stages and the concentrations of the reagents therein are also comparably low. Such
methods of separating and isolating the POPs from the substrate are preferably performed as ex situ methods, preferably
in a reactor, as this allows a simpler separation and isolation of the POPs after the reaction stages are finished, for
example by filtering the substrate.

[0101] In a preferred embodiment of the method of the invention, the POPs are removed, separated and/or isolated
from the contaminated substrate for downstream processing of the isolated POPs. In such embodiments, the POPs are
preferably crude oil spills present in sandy substrates and the method may be carried out at 25°C, wherein preferably
only the first and the second reaction stage are performed and the minimum volumes of solution 1 and 2 comprising low
reaction concentrations are added to the substrate. In such a case of performing the method as a low-destructive method
for isolation of the POPs from the substrate, the reagent quantities and stage number could be lowered, so that the
resulting mild oxidation would not completely destroy or degrade the POPs, but just leads to a lower adhesion of the
POPs to the substrate, leading to a detachment of the POPs that can subsequently be separate.

[0102] Preferably, the present invention relates to a method for removal, separation or degradation of one or more
persistent organic pollutant(s) (POPs) present in a substrate, the method comprising

- provision of a POP-contaminated substrate,
- afirst reaction stage comprising

i. adding to the substrate a basic solution (solution 1), and optionally one or more additives selected from the
group comprising a transphase catalyst (TPC) and a hydrogen peroxide dissociation catalyst, and
ii. incubating the substrate with solution 1 and optionally the one or more additives for at least 15 minutes, and

- asecond reaction stage comprising adding to the substrate a hydrogen peroxide solution (solution 2) and optionally
one or more additives selected from the group comprising a TPC and a hydrogen peroxide dissociation catalyst,
- wherein

i.ahydrogen peroxide dissociation catalyst and a TPC are added during the firstand/or the second reaction stage
ii. the TPC is a polyhalogenated surfactant, more preferably a polyfluorinated surfactant, and/or the concentration
ofthe TPC in acombined volume of solution 1 and solution 2isin arange of 0.001 - 10 %, preferably 0.005 % (w/v),
iii. the hydrogen peroxide dissociation catalyst is a manganese (Mn) containing catalyst, preferably MnO, MnO,
or KMnO,, and/or the concentration of the hydrogen peroxide dissociation catalyst in a combined volume of
solution 1 and solution 2 is in a range of 0.001 - 0.01 %, preferably 0.005 % (w/v).

DETAILED DESCRIPTION OF THE INVENTION

Figures

[0103] The invention is further described by the following figures. These are not intended to limit the scope of the
invention, but represent preferred embodiments of aspects of the invention provided for greater illustration of the invention

described herein.

Brief description of the figures:

[0104]
Figure 1: Reaction stage 1 (corresponding to technology of comparison).
Figure 2: Reaction stage 2 as disclosed herein represents an improvement of the technology of comparison.
Figure 3: Railway lubricant grease decontamination.
Figure 4: Railway lubricant oil decontamination.
Figure 5: Octane decontamination.

Figure 6: UV spectra.
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Figure 7: GC MS chromatograms.

Detailed description of the figures:

[0105] Fig. 1. The reaction could be subdivided into two parts, where both of them are well known in chemistry: *-
reaction for the industrial scale hydrogen peroxide production, **- Algar-Flynn-Oyamada reaction, well known in art for
an oxidative cyclization. The feature of the reaction is thatin scaled up conditions the prevalent oxidative radical becomes
hydroperoxide anion [*OOH] instead of superoxide [O¢], which was declared as the main active agent for the process.
In this case, referring to the UV and IR analysis data only about 20% HC breakdown to CO,, where about 80% of initial
contaminant becomes stable or unstable oxides, with unpredictable stability in the natural environment and hazard
classes. Moreover, NaOH surplus, present in the reaction environment due to the basic protocol, could become a valuable
factor for the cyclized forms stabilization.

[0106] Furthermore, the Algar-Flynn-Oyamada reaction that could be considered as the core of the technology could
be described by the equation provided below:

OH Q O
NG # NAOHHO, o~ R S+ I /\)LOH

[0107] Fig. 2. This reaction operates with superoxide anion O-, and oxidizes leftovers after the 1st stage, wherein the
leftovers without oxidation may become stable and possess harmful properties: cyclized epoxides of HC could become
PAHSs that are highly dangerous for the environment. The provided reaction enables to transform the majority of the
oxides to CO,, bringing it back to the oxidative cycle of the technology of comparison reaction. Herein, the reaction could
be described by the equation: C ,H,+CH, +C H2 ,,+ NaOH+H,0, - CO, +Na,CO5;+H,0

[0108] Fig.3.(A) 1% initialgrease contamination. (B) Technology of comparison method performance. (C) Performance
of method of the invention.

[0109] Fig. 4. (A) 1% initial oil contamination. (B) Technology of comparison method performance. (C) Performance
of method of the invention.

[0110] Fig.5.(A) 1% initial octane contamination. (B) Technology of comparison method performance. (C) Performance
of method of the invention.

[0111] Fig. 6. Octane contaminated samples were analyzed after treatment with a method according to the technology
of comparison (Okt1), the technology of comparison including the use of a transphase catalyzer as described (Okt2,
Okt3) and the method of the present invention (Okt4). An untreated sample (Okt5) represents the initial octane contam-
ination.

[0112] Fig. 7. The chromatograms of (A) and (B) (Samples #3 and 5 respectively) represent the initial sample state
(A) and HC decline after performing the method of the technology of comparison (B). Chromatogram (C) shows the
result of treating a sample according to the method of the present invention (Sample #2).

Examples

[0113] The invention is further described by the following examples. These are not intended to limit the scope of the
invention, but represent preferred embodiments of aspects of the invention provided for greater illustration of the invention
described herein.

Materials:
[0114]

- Reagent A (NaOH)

- Reagent B (H,0,)

- Tivida 2300 (obtained from Merck)

- MnO, colloid water solution (1g/10kg) or dispersion of MnO, as powder in water
- Oil and oil products obtained from Lisichansk refinery

- Railway grease and oil lubricants obtained from Deutsche Bahn

- Octane
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Measurements:

[0115] The measurements demonstrating the efficiency and feasibility of the method of the present invention and
comparing it with the technology of comparison were provided by different types of analyses, including GC MS, UV-Vis
and FTIR. Results of the measurements are fully represented in Figure 3-7 and Examples 12-14.

Example 1: In vitro test.

[0116] The technology was tested in the test tubes in laboratory conditions, where the test provided could also be
implemented for rapid performance evaluation, as a test system, or for demonstrative functions.

[0117] For the experiment 1 g of the contaminated substrate was used (in case for 10% wt. contamination - needed
to add 100 mg of oil or other colored oily pollutant to 1 gram of quartz sand).

[0118] Into the tube 50 mg NaOH + 300 mg H,O were added, and thoroughly mixed for 15 minutes. In result, NaOH
concentration should not be lower than 15% (3.75 M). The highest NaOH concentration for the case should not exceed
30% (7.5M).

1. Adding basic solution (solution 1): NaOH (e.g. 15-30%) in quantities not more than 0,32 ml (0,37-0,43 g) for 1g
10% contaminated soil and wait for 15 minutes;

2. TPC Introduction: Add 5 pl or 5 mg (or 0.005%) of TPC (e.g. Tivida 2300), then mix;

3. Introduction of hydrogen peroxide / H,O, solution (solution 2): Add 0.5 ml (0.5 g) of H,O, - 35% Vol., mix thoroughly,
wait for 15 minutes.

4. Introducing of superoxide production re-activator (MnO,): Add couple of drops (100 wl (mg)) MnO, colloid (water
solution), mix, and wait for 15 min.

5. Addition of hydrogen peroxide / H,0, solution (solution 3): 0.5 ml (g) H,O, if needed, mix wait until reaction
terminates.

[0119] The order of steps could be changed due to the specific case, and the solutions 1, 2 and 3 could be divided
into fractions/parts that are added with delays before addition of the successive fraction to make the process more
effective.

Example 2: Surface cleaning

[0120] The surface cleaning case may be regarded as being distinct from the cleaning of porous solid materials, such
as soils or sand, because there may be no absorption of the solutions by the substrate and a relatively low reaction
volume that will significantly lower the reagent quantities, where it is appropriate to use at first low quantities of NaOH,
or to use it in solid form, or to replace it with Na methylate (CH;ONa), that is less aggressive to metals, but giving the
needed alkaline reaction environment.

[0121] Foam forming agents such as surfactant additives are desired for the best performance on surfaces.

[0122] Furthermore, in some cases surface cleaning could be provided in a manner described below for the sandy
soils treatment (Example 8).

Example 3: Gravel cleaning

[0123] For the embodiment of the method used for gravel cleaning, similar to the embodiment relating to surface
cleaning, the technology could be adjusted to the fact that there is low or zero adsorption of the reagents on the substrate
particles/stones. However, the method may be performed using big volumes. For such conditions, it was established
through scale up laboratory tests, that to reach all the surfaces need to be cleaned up by the reagents and solution it
was appropriate to use foam forming agents such as nonionic surfactants, such as industrial surfactants, soap-like
substances, or polyfluorinated foam-producing surfactants, that are added to the solutions used in the method.

[0124] The foam forming agents or surfactants also improve gravel surfaces cleaning and are introduced being dis-
solved in solution 1 or are applied directly after addition of solution 1, to cover most of the surfaces being processed.

Example 4: Mixing mode
[0125] To improve the reaction efficiency not only chemical but also mechanical methods could be implemented. It
has been determined that mixing of the reaction components significantly increases reaction performance due to de

facto mechanical enhancement of the reaction surface. Through mixing or agitation of substrate after addition of the
solutions of the method, the pollutant comprised by the substrate is frequently exposed to a new portion of the respective
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reagents, until the process finalizes. The mixing mode for the substrate decontamination could be provided through the
use of different types ofindustrial mixers directly on site, or on the special landfills. The mixing mode could be implemented
as the main process or as an additional mode after the first reaction stage is over before adding of MnO,, catalyzer, so
to mix the polluted substrate until superoxide is producing to get the additional decontamination.

Example 5: Deep injection

[0126] Thereagents could be injected into the contaminated layer of substrate, in case if pollutant stays in underground
reservoirs or if the contamination diffused to deep layers of sall, etc.

Example 6: Second reaction stage only application

[0127] One of the possible technology embodiments is the repetition of the second and/or third reaction stages. After
the first reaction stage is over, and the reaction of superoxide production from H,O, under the MnO,, catalysis, as it is
depicted on the Figure 2, is used to finalize the decontamination, or is used by itself as the replacement for the Fenton’s
process. In some cases it could be beneficial for the substrate that no Fe accumulation occurs, but only MnO,, stays in
very low quantities as a reaction leftover, which can be considered a more ecologically friendly solution. MnO, may even
on some types of soil be used as a fertilizer.

[0128] Moreover, the catalytic nature of the MnO, colloid allows adding H,O, in solution 2 or 3 for superoxide production
in repeating mode until the needed results should be obtained. Importantly, no repeated addition of MnO, is required,
making its residual quantities very low.

Example 7: Ex situ decontamination in close-loop systems

[0129] The method of the invention can be performed in close loop ex situ systems, such as high temperature and
high-pressure reactor, for high performance destruction of POPs, meds and other persistent hazardous pollutants that
are extremely stable in a natural environment.

[0130] The reagents could be mixed as described above, wherein it is important to perform the reaction in a tightly
closed reactor, warmed up to 45 °C or more. Such processing prevents emission of by-products or toxic remnants or
unreacted parts of initial contaminants into the environment, and could allow to control directly the mass of the contaminant
and to not to lose any part of it.

[0131] In case of chlorinated hydrocarbons, in the process may be described by the equation for the carbon tetrachlo-
ride:

CCl, + 6NaOH + 9H,0, ---> Na,CO, + 4NaCl + 4.5 O, + 12H,0

Example 8: Variant for the sandy soil treatment

[0132] For the sandy soil case, NaOH (reagent A) in solution 1 should be used in a concentration not less than 20%
and in volume/amount in 50% less than we can take according to basic formula variant.

[0133] Tivida 2300 or other appropriate transphase catalyzer (TPC) should be added directly into basic solution 1,
where the concentration of the TPC in solution 1 should be adjusted to no more than 0.05%. This means that no more
than 0.5 ml (0.5 g) Tivida 2300 to 1 liter (1.3 kg) of NaOH solution.

[0134] A surfactant on a soap base (such as a household cleaning product) should be added in a concentration of
0.05 % (e.g. here - 0.5 g) to 1 liter of NaOH solution (same quantity to Tivida 2300).

[0135] MnO, can be also added directly into NaOH solution (solution 1) in a concentration of no more than 1g per 5
L (6.5kg) of the NaOH solution.

[0136] Basic solution 1 comprising NaOH, TCP, surfactant and MnO, can applied to the contaminated substrate in
two parts/fractions with a time delay.

[0137] Solution 2 comprising hydrogen peroxide/H,O, may be identical to solution 3. The hydrogen peroxide containing
solution should be essentially subdivided into 2 or 3 fractions that are added to the substrate sequentially with time
delays of preferably 30 min.

[0138] After the treatment, the soil should be thoroughly washed with water to clean it from the NaOH leftovers.
[0139] The application scheme should be as follows:

- Yareagent A + 3 reagent B - wait for 30 minutes
- Yareagent A + 3 reagent B - wait for 30 minutes
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- Ysreagent B, wait for 30 minutes
- Water washing.

[0140] During the application of the reagents, the soil should not been mixed. However, the substrate may be blown
up delicately to loosen the substrate.

Example 9: Bioremediation preprocessing

[0141] Inthe casethatthe method of the presentinvention was not sufficient to completely degrade the POPs comprised
by a substrate by oxidation, which might be due to unusually long chains of hydrocarbons, which might result in the
formation of epoxides and oxides, the method of the invention is performed in combination with a bioremediation process.
Stable chemical compounds, such as epoxides and oxides, can be degraded by microorganisms that can accelerate
biological destruction of the pollutants. Moreover, the combination of the method of the invention with bioremediation
methods potentiates and accelerates bioremediation in cases where bioremediation alone is considered unacceptable
due to extra-toxicity or extra-stability of the contaminant making the environment unadaptable for microflora or making
remediation processes too slow.

Example 10: Liquid substrate treatment

[0142] In case of liquid substrate contamination e.g. technical oils contaminated with PCBs or with other persistent
fluorinated organic contaminants, an embodiment of the method of the present invention can be used, wherein a close
loop reactor system in mixing mode is employed for ex situ treatment of substrates. In such systems, the reagents are
thoroughly mixed with the substrate to destroy the contaminant.

[0143] Here it should be emphasized that the liquid substrate decontamination is possible in close loop system with
mixing by the simple mixer or with barbotage, optionally with high pressure, wherein the reagents are forced to be mixed
with the contaminated substrate until the reaction ends.

[0144] Independently of the contaminant nature, the liquid substrate should be permanently mixed to expose the
contaminants to active superoxide particles and creation of additional surfaces for the interaction of superoxide and the
respective contaminants.

[0145] In the embodiment described reagents quantities are calculated in the same way to other examples, basing
on the substrate volume and contaminant concentration.

Example 11: Oily phase isolation from soils

[0146] If the contaminant is of value, as it is in cases of crude oil spills in sandy soils, for example, it is possible to not
to destroy the contaminant, at least not completely, but to isolate and separate it from the substrate for the further
processing, such as refinery processes. Accordingly, in such embodiments the oxidation of the contaminant should be
minimized, while its adhesion to substrate should be reduced or abolished. In such embodiments of the invention, the
method is applied with low amounts of reagents, specifically for the basic solution 1 and with a reduction of the reaction
stages comprising the addition of hydrogen peroxide solutions. Due to the lowering or abolishing of adherence of the
contaminant to the substrate, the substrate can be separated from the contaminant and the contaminant can be used
for further downstream processing. Such methods of separation of contaminants from substrates can be performed in
situ and ex situ.

Example 12: IR spectra overview

[0147] The data provided in Figures 3-5 are obtained using the FTIR (Fourier transform infrared spectroscopy) method
that is the gold standard in analytical chemistry for direct identification of the chemical structures. Analytics were based
on GC-MS methods could be slightly more "traumatic" for the investigated substances than FTIR. The diagrams represent
at first the nature of the substances investigated and their derivatives. Strong correlation with chromatographic methods
could be found. Overlooking the diagrams, we can evidently see the strong characteristic peaks for each substance
(Fig. 3: railway lubricant grease; Fig. 4: railway lubricant oil, Fig. 5: octane) and its derivatives, and consider the conversion
levels by the respective method applied. From the presented data the high potency of the method of the present invention
can be determined, as for prominent decrease in the characteristic peaks for each substance tested. In comparison, the
technology of comparison of the state of the art provided much less effective degradation.

[0148] Railway switch area lubricants - oily and grease - were selected for analysis because of the high chemical
stability as for intact substances and for their derivatives. During scale up experiments we have seen that the grease
used in the experiment is even insoluble in organic solvents used for oil sludge dissolving. Accordingly, these lubricants
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are highly persistent substances that are very hard to destroy in natural environment. Moreover, there were strong
suspects that the lubricants could not be efficiently decomposed by the technology of comparison reaction, in its initial
variant. The data of Figures 3-4 evidently show that both oil and grease have well characterized peaks on the spectra
diagrams, which allows evaluating the decomposed quantities and conversion through the respective method or reaction.
[0149] All the samples provided are representative of several repeated experiments. All the data are obtained and
imported directly from measuring FTIR device BRUKER "Tensor 27". These data represent spectra for dense railway
grease (Fig. 3), used by Deutsche Bahn, and special liquid oil (Fig. 4), used in railroad switch lubrication. Both oil and
grease samples were prepared for measurements by the direct method of pre-forming contaminated and processed
with technology of comparison reagents sand with KBr (in a tableted form). During the measurement KBr and sand
spectra were considered as the background values and not represented on the diagrams. Octane is considered to be
an ideal lab model of short-chain oil hydrocarbon, which represents the most widespread fraction of the oil pollutants.
Octane contaminated sand (Fig. 5) was extracted with CCl, before measurement, where solvent spectra was considered
as the background value.

[0150] According to IR spectroscopy obtained results it should be noted that:

1. The results for the show that the method of the state of the art (technology of comparison) only leads to slight
reduction of grease, oil and octane in the contaminated samples.

2. Contrastingly, the method of the present invention shows a prominent decontamination performance leads to an
almost complete destruction of the respective contaminant.

Example 13: UV spectra overview and conclusion

[0151]
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Oail |

Okt2,0k3 | Technology of comparison + transphase catalyzer

o4 | Methodof tis presentinvention”

| initial octane contamination

Method settings:

Device type/Analytical method Shimadzu RF 1501 UV-Vis (ultraviolet-visible
spectrophotometry)

Meas. mode Spectrum

Spectrum type EM

Scanning start wavelength 330

Scanning stop wavelength 620

Ex wavelength 320

Em wavelength 0

Scan speed FAST

Ex band width 10

Em band width 20

Response AUTO

Sensitivity HIGH

[0152] The biggest peak refers the highest resulting contamination level, where the smaller peaks are oxidation prod-
ucts, the less probability for them to possess own fluorescence activity. Initial octane is zero fluorescent so the ideal
destruction leads to the zero level of fluorescence without any significant peaks, same to the basic level. The method
of the technology of comparison is supposed to completely degrade octane, which would lead to the absence of a
fluorescent signal after treatment of an octane-containing sample. However, it was suspected that cyclic by-products
are generated by the method of the technology of comparison in the reaction media.

[0153] The results demonstrate the technology of comparison leads to appearance of abundant fluorescent reaction
leftovers, considered to be stable cyclic (probably epoxide) forms, active both in short and long wavelengths of the
spectra (340, 430 and 540 nm), depicted by mean Okt1 on the diagram, where the initial octane contamination is depicted
as Okt5 (Fig. 6).

[0154] Furthermore, transphase catalyzer addition into the reaction media (Okt 2,3) improves reaction speed to some
extent, but the reaction accumulates great amounts of the fluorescent byproducts. Moreover, the concentration of the
catalyzer should be low (Okt 3); otherwise, in presence of catalyzer surplus, it would not fasten the reaction (Okt 2) (Fig. 6).
[0155] Sample treatment according to the method of the present invention comprising the addition of the second
reaction phase comprising the addition of a hydrogen peroxide dissociation catalyst (Okt 4) results in almost total by-
products and leftovers destruction, that is depicted as the fluorescence level close to basic line (Oct 5) (Fig. 6).
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Example 14: GC MS overview and conclusions

[0156] The two first chromatograms (Samples #3 and 5 respectively) represent initial sample state and HC decline
while providing traditional technology of comparison method, where third diagram (Sample #2) depicts performance of
the improved procedure.

[0157] It was determined that the initial contamination was not more than 10%, and final contamination level after
treatment according to the method of the present invention almost total HC destruction.

Claims

1. A method for removal, separation or degradation of one or more persistent organic pollutant(s) (POPs) present in
a substrate, the method comprising

- provision of a POP-contaminated substrate,
- a first reaction stage comprising

i. adding to the substrate a basic solution (solution 1), and optionally one or more additives selected from
the group comprising a transphase catalyst (TPC) and a hydrogen peroxide dissociation catalyst, and
ii. incubating the substrate with solution 1 and optionally the one or more additives for atleast 15 minutes, and

- a second reaction stage comprising

i. adding to the substrate a hydrogen peroxide solution (solution 2) and optionally one or more additives
selected from the group comprising a TPC and a hydrogen peroxide dissociation catalyst,

wherein a hydrogen peroxide dissociation catalyst and a TPC are added during the first and/or the second
reaction stage.

2. The method according to claim 1, wherein the one or more POPs are selected from the group comprising polychlo-
rinated hydrocarbons (PCHs), polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), chlo-
rinated solvents, petroleum products and pharmaceutical leftovers.

3. The method according to any of the preceding claims, wherein the base of basic solution 1 is a metal hydroxide
(MOH) solution, preferably NaOH solution, wherein the concentration of MOH in solution 1 is in the range of 15 -
30 % (w/v) (3.75-7.5 M).

4. The method according to any of the preceding claims, comprising additionally a third reaction stage comprising
adding to the substrate a hydrogen peroxide solution (solution 3).

5. The method according to any of the preceding claims, wherein the hydrogen peroxide concentration in solution 2
and/or solution 3 is in a range of 20 - 40 %.

6. The method according to any of the preceding claims, wherein the volume of solution 1 is sufficient to saturate the
substrate and to generate an alkaline environment of pH 12-14, and the volume of solution 2 and/or solution 3 is at
least 50% of the volume of solution 1.

7. The method according to any of the preceding claims, wherein the first, the second and/or the third reaction stage
are repeated at least once.

8. The method according to any of the preceding claims, wherein the TPC is a polyhalogenated surfactant, more
preferably a polyfluorinated surfactant, and/or the concentration of the TPC in a combined volume of solution 1 and
solution 2 is in a range of 0.001 - 10 %, preferably 0.005 % (w/v).

9. The method according to any of the preceding claims, wherein the hydrogen peroxide dissociation catalyst is a
manganese (Mn) containing catalyst, preferably MnO, MnO, or KMnO,, and/or the concentration of the hydrogen
peroxide dissociation catalyst in a combined volume of solution 1 and solution 2 is in a range of 0.001 - 0.01 %,
preferably 0.005 % (w/v).
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The method according to any of the preceding claims, wherein the additives of the first and/or second reaction stage
additionally comprise a foam forming agent, preferably selected from the group comprising industrial surfactants,
non-ionic surfactants, ionic surfactants, polyfluorinated surfactants and detergents, wherein the concentration of the
foam forming agent in a combined volume of solution 1 and solution 2 is in a range of 0.001 - 10 %, preferably 0.05
% (wiv).

The method according to any of the preceding claims, wherein the substrate is selected from the group comprising
porous solid substrates, such as soils or sand, surface solid substrates, such as gravel and solid surfaces, and liquid
substrates, such as mineral oil.

The method according to any of the preceding claims, wherein the method is carried out as an in-situ method.

The method according to any of claims 1 to 11, wherein the method is carried out as an ex-situ method in a mixing
mode reactor, preferably a close-loop system reactor.

The method according to claim 13, wherein the first, second and/or third reaction stage are carried out at a temperature
of more than 25°C, preferably 45°C, most preferably at more than 80 °C, and/or at a pressure of more than 1000

hPa, preferably 1200 - 7000 hPa, most preferably at 7000 hPa.

The method according to any of the preceding claims, wherein the method is carried out in combination with other
remediation methods, such as bioremediation.
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Fig. 2
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Fig- 3
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Fig. 3 (continued)
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Fig. 4 (continued)
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Fig. 5
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Fig. 5 (continued)
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Fig. 6
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Fig. 7 (continued)
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Fig. 7 (continued)
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